We present an implementation of IceCube in the SNOwGLoBES package, which is used to calculate expected detection event rates resulting from supernova neutrinos. The SNOwGLoBES package is widely used to compare the sensitivity of different neutrino observatories, but currently does not include simulation files for IceCube. In this paper, we give a brief overview of the design process that went into this implementation.
Introduction

SNOwGLoBES
SNOwGLoBES (SuperNova Observatories with GLoBES) [1] is a software package that is used to calculate estimated neutrino detection rates in the event of a supernova. As the name implies, SNOwGLoBES makes use of the GLoBES package, which is widely used for the simulation of a wide range of neutrino experiments on distance scales ranging from a few kilometers and up to that of solar neutrinos [5, 6] . SNOwGLoBES was developed with the aim of allowing fast, resource-efficient calculations, and has gained widespread use as a tool for comparing the response of different neutrino detectors to neutrinos from core collapse supernovae. With Ice-Cube being the world's largest neutrino observatory, facilitating its inclusion in such comparisons is well-motivated.
Once a detector has been successfully added to the SNOwGLoBES package, users can supply their own neutrino flux spectra to calculate the response they would be expected to produce. Figure  1 shows one such calculation, using our implementation of IceCube in SNOwGLoBES to compare the neutrino signal for supernovae with varying progenitor masses. [2] , and the expected detection rates were calculated using SNOwGLoBES.
IceCube
IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South Pole between depths of 1450 m and 2450 m, completed in 2010. The ice is instrumented with 5160 digital optical modules (DOMs).
IceCube's sensitivity to supernova neutrino signals has been the subject of numerous studies, including [3] and [4] . As a (frozen) water Cherenkov detector, IceCube is primarily sensitive to the inverse beta decay (IBD) ofν e produced during the accretion phase of the supernova. The IBD interactions produce positrons in the detector volume, which in turn produce Cherenkov light detected by the DOMs. Other interaction channels, most notably neutrino-electron scattering, also contribute to this signal [3, 4, 7] . Although IceCube's sensitivity to low-energy neutrinos is not sufficient to reconstruct individual supernova neutrino interaction events, neutrino signals from supernovae occurring within our own galaxy are still expected to show a significant increase in the DOM activity relative to random noise, sufficient to study the time evolution of the neutrino signal in detail.
Theory
Calculating event rates in IceCube
The rate of detections in IceCube due to a given interaction I :
ν a +X → e ∓ +Y + ... can be approximated using the following formula, adapted from [3] :
Here,
• R a (t)is the number of detected interaction events per second caused by supernova (anti)neutrinos of flavor a
• N DOM (t) is the number of DOMs collecting useable data at time t
• ε noise (t) ≤ 1 is the deadtime efficiency factor (see Section 3.2)
• n target is the density of targets X for a given reaction
is the luminosity of (anti)neutrinos of the flavor a
• d is the distance to the supernova
is the average energy of incoming (anti)neutrinos of flavor a
• dσ I /dE (E , E) is the partial cross-section for the given interaction resulting in an (anti)electron with energy E
• N γ (E ) is the average number of photons produced by an (anti)electron with energy E
• V eff γ is the effective volume of a single photon in IceCube
• f (E,t) is the energy spectrum of incoming (anti)neutinos of flavor a with energy E at time t
IceCube effective volume
When describing the sensitivity of a given neutrino detector to a core collapse supernova, it is common to indicate its fiducial mass (or fiducial volume), as a means of describing how much detector material is available for detection to take place. This is also the case in SNOwGLoBES, where each detector is assigned a given fiducial mass.
This fiducial mass is normally closely tied to the physical mass of the detector material, making it relatively simple to visualize and estimate. However, in the case of IceCube, the array's great size and lack of well-defined borders makes the fiducial mass and volume of the detector somewhat ambiguous. IceCube has 5160 DOMs spread out over a volume of about 1 km 3 . However, as is illustrated in Figure 2 , the likelihood that a given event will be observed drops off with its distance to the nearest DOM, as well as the opacity of the ice in which it occurs. The distance from which an interaction event can be detected is also dependent on the energy of the incoming neutrino. As such, a high-energy cosmic ray neutrino may produce a signal across multiple detectors, allowing for the identification and reconstruction of single events, whereas the light produced by interactions with supernova neutrinos often fades below the detection threshold without triggering a single detector [3] . Simulating this behavior on an event-by-event basis can be quite complicated and resourceintensive. To get around this issue, we use a concept known as the effective volume. The effective volume simplifies calculations of DOM hit rates by treating a large, imperfect detector of volume V through the analogy of a smaller detector of volume V eff,tot wherein every interaction event results in a detection event.
When calculating the effective volume per DOM, we first calculate the rate at which supernova neutrinos give rise to the production of detectable photons within the detector volume, primarily in the form of Cherenkov radiation from (anti)electrons produced or scattered through inverse beta decay and neutrino-electron scattering. In making this calculation, we have followed the process outlined in [7] , and arrived at the following expression for the total effective volume of IceCube with respect to (anti)electrons with energy E :
where V eff,± (E ) is the average effective volume of an (anti)electron produced with energy E :
where:
• θ is the Heaviside step function.
• E ch is the Cherenkov energy threshold,
• The factor C ± quantifies a small difference in the behavior of positrons and electrons, with values C + = 0.577 cm MeV and C − = 0.580 cm MeV , as detailed in [7] .
• dN γ /dx = 325.35 [cm −1 ] is the rate at which photons with wavelengths between 300 [nm] and 600 [nm] are generated as an (anti)electron moves through the ice.
• V eff,γ = 0.1575 [m 3 ] is the mean effective volume for photons in the IceCube ice (c.f. Figure  3 , right), which has been calculated through simulations, as detailed in [7] .
Event rates in SNOwGLoBES
In SNOwGLoBES, calculated detection rates can be expressed using the following formula (modified from the GLoBES user documentation [5, 6] ):
• R I (t) is the number of detections resulting from interaction I • M detector is the fiducial mass of the detector material
• n weight,I is the number of interaction targets per reference target (see Section 3.1)
is the width of a single energy bin
• B is the number of energy bins
• F a (E j ) is the flux of supernova (anti)neutrinos of flavor a with energy E j • k I (E k , E j ) is the energy distribution function describing the proportion of interaction products produced with energy E k • T I (E k ) is the post-smearing efficiency function, describing the probability that a particle with the energy E k produced in interaction I will result in a detection event 3. Implementation
Channels and cross-sections
SNOwGLoBES expresses the differential cross section as a product of the total cross section σ I (E) and an energy resolution function k f (E , E):
The channels considered in this implementation of IceCube are the same as those which are considered in the Water Cherenkov experiment files which come pre-packaged with SNOw-GLoBES v1.2 [1] (see Table 1 ). Likewise, we have made use of the pre-packaged total cross section files for all channels. For the interactions involving oxygen atoms, the pre-packaged files have also been used for the post-smearing efficiency functions. For the inverse beta decay and electron scattering channels, the respective post-smearing efficiency functions have been generated using the sources listed in Table 1 , selected to agree with the cross-sections referred to in [3] .
Each channel has a weighting factor describing the relative number density of interaction targets compared to a reference target. Here, the reference target is defined to be hydrogen nuclei, which means that each water molecule (consisting of one oxygen nucleus, two hydrogen nuclei and 10 electrons) contains two reference targets. 
Correlated noise
Apart from random Poisson noise, there is also correlated noise, which is described in greater detail in [3] . There are different ways of mitigating the effect of this correlated noise, and which one is used will affect the final detection rate. An example is seen in [3] , where an artificial deadtime τ = 250 [µs] is introduced after each DOM hit, result in the detection rate being modified by a factor ε noise ≈ 0.87/(1 + τ · r SN (t)). However, it should be noted that recent advances such as the development of HitSpooling is expected to allow for more efficient handling of correlated noise, resulting in less loss of signal [11] .
At present, SNOwGLoBES does not have native support for time-dependent or dynamic effects. In this work, therefore, a constant deadtime efficiency factor ε noise (t) . = 0.95 is used, instead. Setting the built-in noise screening factor to be constant has the benefit that users who implement their own noise screening factors can easily divide by this constant to obtain the unscreened detection rates.
The noise rates in the IceCube DOMs average 540 Hz [3, 4] , and the artificial deadtime reduced this rate by roughly 50%. SNOwGLoBES does allow the user to include a pre-defined, constant background noise profile. We have not made use of this function, as adding noise using other tools provides greater flexibility and a better simulation of both Poisson noise and correlated fluctuations. However, adding a noise profile in the future may serve a pedagogical function for users who are not familiar with IceCube's significant rate of background noise.
Detector mass and effective volume
One important aspect of defining an experiment in SNOwGLoBES is determining the experiment's detector mass, which acts as a constant scale factor. At present, SNOwGLoBES does not natively support allowing this mass to vary with the interaction channel or the energy of the interaction products. As a result, we cannot define the experiment's detector mass to correspond to the effective volume calculated in Section 2.2.
To get around this limitation, we have instead included the calculation of effective volume in the post-smearing efficiency function, T I (E k ). In this work, we have set IceCube's fiducial mass to M = 51600 kton, corresponding to a volume of about 10 4 m 3 per DOM. We then define the post-smearing efficiency function for the interaction I such that
For this calculation, we have assumed that N DOM (t) = 0.98 × 5160, meaning that 98% of DOMs are collecting data that can be used for analysis. This value was chosen the sake of consistency with [3] . An ice density of ρ ice = 910 kg/m 3 has been used.
Discussion
Using the procedures described above, we have developed a working implementation of Ice-Cube in the SNOwGLoBES package, and submitted it for incorporation into the standard distribution of the package [8] . The SNOwGLoBES software has developed into a standard tool for comparing the response of many different neutrino detectors to neutrinos from a core collapse supernova. Since IceCube is the world's largest neutrino observatory, incorporating its detector response into the software is well-motivated. The procedures that went into this development can be applied to other large water Cherenkov detectors, such as KM3Net, provided an estimate of the detector effective volume.
Instructions for installing and using SNOwGLoBES can be found in the user manual [1] .
